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Abstract: 
Nanoscale control of the metal-insulator transition in LaAlO3/ SrTiO3 heterostructures 
can be achieved using local voltages applied by a conductive atomic-force microscope 
probe. One proposed mechanism for the writing and erasing process involves an adsorbed 
H2O layer at the top LaAlO3 surface. In this picture, water molecules dissociates into OH- 
and H+ which are then selectively removed by a biased AFM probe. To test this 
mechanism, writing and erasing experiments are performed in a vacuum AFM using 
various gas mixtures. Writing ability is suppressed in those environments where H2O is 
not present. The stability of written nanostructures is found to be strongly associated with 
the ambient environment. The self-erasure process in air can be strongly suppressed by 
creating a modest vacuum or replacing the humid air with dry inert gas.  These 
experiments provide strong constraints for theories of both the writing process as well as 
the origin of interfacial conductance. 
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The discovery of a high mobility quasi-two-dimensional electron gas (q-2DEG) at the 
LaAlO3/ SrTiO3  (LAO/STO) heterointerface[1] has drawn great interest towards its 
transport property [2-5], potential devices application [3,6-8] and its physical mechanism 
[9-14] .  One defining characteristic of this family of heterostructures is the abrupt 
transition from an insulating to conducting interface for 4n  unit cells [5].  (We define 
n uc-LAO/STO to refer to n unit cells of LaAlO3 grown on TiO2-terminated SrTiO3.)  To 
explain this transition, a number of mechanisms have been offered including electronic 
reconstruction (sometimes referred to as “polar catastrophe”) [9], structural deformations 
[14], unintentional or intrinsic dopants [10], interfacial intermixing [12] and oxygen 
vacancies [11].  Theoretical investigations have predicted a critical thickness ranging 
from n=3-4 uc [15].  For 3uc-LAO/STO structures, reversible nanoscale control of the 
metal-insulator transition was reported [3].  Positive voltages applied to a conductive 
atomic force microscope (c-AFM) probe in contact with the top LAO surface produce 
local conducting regions at the LAO/STO interface; negative voltages restore the 
interface to its initial insulating state.  The process was found to be repeatable over 
hundreds of cycles [6], effectively ruling out an early theory involving the formation of 
oxygen vacancies at the top LAO surface [3].  Conducting regions were found to be 
stable under atmospheric conditions for ~ 1 day, and indefinitely under vacuum 
conditions [6]. 
 
A physical understanding of the writing and erasing mechanism is important for 
fundamental reasons and also for the development of future technologies that are based 
on the stability of these nanostructures.  Conducting islands with densities >150 Tb/in2 
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have been demonstrated [3], and transistors with channel lengths of 2 nm have been 
reported [6].  Such an understanding can help in the development of conditions that can 
stabilize these structures over time scales that are relevant for information storage and 
processing applications (i.e., ~10 years).   
 
One possible mechanism for the writing process  involves adsorbed H2O which 
dissociates into OH- and H+ on the LAO surface. First principles calculations [16] show 
H2O binds strongly to the AlO2 outer surface at and below room temperature, and 
dissociates into OH- and H+ adsorbates. During the writing process, the positively biased 
AFM probe removes some of the OH adsorbates, thus locally charging the top surface 
with an excess of H+ ions.  This charge writing, which has also been observed for bulk 
LaAlO3 crystals [17],  acts to modulation dope the LAO/STO interface, switching it from 
insulating to conducting.  During the erasing process, the negatively charged AFM probe 
removes H adsorbates, restoring the OH- - H+ balance, and the interface reverts back to 
an insulating state.  We refer to this process as a “water cycle” because it permits 
multiple writing and erasing without physical modification of the oxide heterostructure. 
 
Here we investigate the writing and erasing process on 3uc-LAO/STO heterostructures 
under a variety of atmospheric conditions, in order to constrain physical models of the 
writing and erasing procedure and the origin of the interfacial electron gas.  Thin films (3 
u.c.) of LaAlO3 were deposited on a TiO2-terminated (001) SrTiO3 substrates by pulsed 
laser deposition with in situ high pressure reflection high energy electron diffraction 
(RHEED) [18].  Growth was at a temperature of 550°C and O2 pressure of 1×10-3 Torr.  
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After growth, electrical contacts to the interface were prepared by milling 25nm deep 
trenches via an Ar-ion mill and filling them with Au/Ti bilayer (2nm adhesion Ti layer 
and 23nm Au layer).   
 
To perform c-AFM experiments, a vacuum AFM ( 
FIG. 1(a)) is employed that is capable of operation down to 10-5 Torr and allows controlled 
introduction of various gases.  Writing and erasing experiments ( 
FIG. 1(b,c)) are performed under a variety of conditions. We use the parameter Vtip=10V, 
litho speed= 500nm/s for writing and Vtip=-10V, litho speed=10nm/s for erasing. The 
conductance of nanostructures is monitored in real time by a lock-in amplifier as the 
ambient gaseous environment is modified in a controlled fashion. Here conductance is 
defined as G=IRMS/VRMS.  A sinusoidal voltage (amplitude 0.4 VRMS, frequency 23 Hz) is 
applied to one electrode, and the resulting current IRMS from the second electrode is 
measured by the lock-in amplifier. The pressure in the experiment is monitored using an 
ion gauge, which operates over a range Atmosphere-10-9 Torr, with an accuracy ±15% 
<100 mbar and ±30% below 10-3 mbar. Prior to the writing the LAO surface is raster-
scanned twice with Vtip = -10 V and Vtip=+10V alternatively, to remove any adsorbates on 
the LAO surface. 
  
A straightforward test of the water cycle mechanism outlined above replaces atmospheric 
conditions with gas environments that lack H2O.  FIG. 2 shows the results of a number of 
writing experiments performed using dry air (FIG. 2(a)), helium gas (FIG. 2(b)), and dry 
nitrogen (FIG. 2(c)) under pressures ranging from 10-2-102 Torr.  Nanowires were not 
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formed under any of these conditions.  To verify that the sample was not adversely 
affected during these experiments, the sample was subsequently exposed to air (28% RH) 
and a nanowire was written with ~120 nS conductance (FIG. 2(d)).  The nanowire was 
then erased and the AFM was evacuated to base pressure (1.8x10-5 Torr).  Under vacuum 
conditions, it was again not possible to create conducting nanostructures. 
 
We also check the ability to erase nanostructures under vacuum conditions.  A 
nanostructure is created under atmospheric conditions, and the AFM is evacuated to base 
pressure. After that, the conductance of such nanostructure is stabilized around 20 nS. 
FIG. 2(d) inset illustrates that erasure is still achievable under vacuum conditions. 
 
Finally, we illustrate how the process of self-erasure depends on atmospheric conditions 
(FIG. 3). Self-erasure process of a single nanowire is observed in air and vacuum 
subsequently (FIG. 3(a)). A nanowire written at atmosphere pressure (RH=28%) exhibits 
a rapid initial decay.  At t=300 s after writing the nanowire, the system is evacuated, and 
then reaches a pressure of 4107.1   Torr.  During this time, the nanowire conductance 
quickly stabilizes and reaches a constant value.  At t=1670 s the system is vented, and the 
nanowire conductance resumes its decay.  This experiment demonstrates that self-erasure 
is directly associated with atmospheric conditions, and that it can be slowed significantly 
or halted under modest vacuum conditions ~10-3 Torr.  These results are consistent with 
previous observations [6].  FIG. 3(b) compares the self-erasure processes of a nanowire 
kept in air with a nanowire kept in 1atm dry nitrogen gas.  The red curve in FIG. 3(b) 
shows that a naowire is written in air and then decay quickly in such environment (31% 
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relative humidity air). It takes about only 2.2 hours for this nanowire to decay close to the 
background. For the blue curve, the nanowire is first formed in air and then the system is 
evacuated to 4104.1  Torr. At t=1900s, 1 atm dry nitrogen gas is introduced to the 
system. Compared with in humid air, the self-erasure process in 1 atm dry nitrogen gas is 
strongly suppressed.  The nanowire conductance decays by a factor of 50 or so over a 72 
hour period, but remains a nanowire as evidenced by the subsequent erasure.  This 
behavior is comparable to what was reported for vacuum conditions in Ref. [6].  
Therefore, these results illustrate that vacuum conditions are not required for long-term 
retention of nanoscale structures, although some self-erasure is evident.   
 
The experiments described above constrain not only models for the writing and erasing of 
nanostructures at LaAlO3/SrTiO3 interfaces; they also constrain models of the interfacial 
conductivity itself.  It is difficult to formulate a physical model that invokes only 
intermixing or oxygen diffusion—either at the top LaAlO3 surface or at the interface 
itself—to explain the interfacial conduction.  Rather, the interfacial conductance results 
directly from modulation doping of an otherwise insulating interface, which is stabilized 
by the screening of the polar discontinuity between LaAlO3 and SrTiO3. 
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Figures 
 
 
 
FIG. 1.  Writing and erasing nanowires at 3u.c. LaAlO3/SrTiO3 interface. (a) Side view schematic 
illustration about how a conducting AFM probe writes a nanowire. (b) Top view schematic of a writing 
experiment in which a nanowire is created with a positive biased tip. (c) Top view schematic of a cutting 
experiment in which a nanowire is locally erased with a negatively biased tip. 
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FIG. 2.  Nanowire writing under various atmospheric conditions.  Writing a nanowire in (a) air, (b) helium, 
and (c) nitrogen environments.  (d) Subsequent writing nanowires under vacuum and atmospheric 
conditions confirms that no irreversible changes have occurred to the sample.  Inset shows erasing under 
vacuum conditions, illustrating that the erasure process is insensitive to atmospheric conditions. 
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FIG. 3.  Experiment showing effect of atmosphere on nanostructure self-erasure. (a) The self-erasure 
process of a single nanowire in air, vacuum and back to air subsequently. Unit of pressure in (a) is Torr.  
(b) Compare the self-erasure processes of one nanowire in air (RH=31%) and another nanowire in 1atm dry 
nitrogen gas.  
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